Dissolved oxygen in sea water is a major factor affecting marine habitats and biogeochemical cycles [1] [2] [3] . Oceanic zones with oxygen deficits represent significant portions of the area and volume of the oceans 4 and are thought to be expanding 5, 6 . The Peruvian oxygen minimum zone is one of the most pronounced and lies in a region of strong mesoscale activity in the form of vortices and frontal regions, whose effect in the dynamics of the oxygen minimum zone is largely unknown. Here, we study this issue from a modeling approach and a Lagrangian point of view, using a coupled physical-biogeochemical simulation of the Peruvian oxygen minimum zone and finite-size Lyapunov exponent fields to understand the link between mesoscale dynamics and oxygen variations. Our results show that, at depths between 380
icant rates of biological production and decomposition of sinking organic material 7 at the Peruvian upwelling region, and weak circulation in the shadow zone of the southern Pacific subtropical gyre. The circulation is then dominated by the equatorial and eastern boundary current systems 8, 9 . Energetic vortices, called mesoscale eddies, and filaments are ubiquitous in this area 10 . In contrast to the oligotrophic regions of the ocean where mesoscale eddies can sustain biological productivity 11 , in upwelling regions stirring by eddies -the process of tracer gradient intensification by advection -tends to inhibit biological production 12, 13 .
In the ETSP, the role played by mesoscale structures in the distribution of O 2 within the OMZ remains unclear and we approach this issue by analyzing data from a coupled physical-biogeochemical high-resolution model 14 of the regional ETSP (see Methods) , and characterizing mesoscale transport and stirring by means of Finite-size Lyapunov exponent (FSLE) fields 15, 16 (see Methods and Supplementary Information).
Maxima in these fields form thin filamentary structures, the so-called Lagrangian Coherent Structures (LCS) [16] [17] [18] identifying the most intense mesoscale regions and acting as barriers for fluid transport across them.
In this work we focus on the transport aspects of the mesoscale-OMZ interaction, particularly in the OMZ boundaries, and the fluxes across them. We do not address specifically the biogeochemical processes occurring inside the zone which are certainly determinant (and are included in our regional simulation model) but we gauge instead the physical effects of the mesoscale structures on the OMZ dynamics. This is done by: a) computing correlations between the (temporally averaged) O 2 concentration and FSLE at layers located at different depths; b) studying events of O 2 rich-waters entrainment into the OMZ; c) calculating the temporal average of O 2 normal fluxes across the northern and southern boundaries of the OMZ as a function of depth, and its correlation with the average mixing measurement obtained from FSLE. The outcome of these analyses is that, despite the important biogeochemical processes, mesoscale stirring already determines many important features of the oxygen distribution.
The 20 µM isosurface of the annual mean O 2 field for simulation year (s.y.) 21
( the limits of the OMZ core. The FSLE mean field is structured as zonal bands coincident with the north and south OMZ boundaries with relatively high FSLE values when compared to the core region. Both bands signal stirring by the eddies formed at the continental shelf and advected offshore, and by other mesoscale processes 10, 20 . This indicates that the enhanced mesoscale activity in those areas delineates the limits of the average OMZ core region.
Since LCS (that we locate as maximum values of FSLE) act as transport barriers, large gradients of O 2 should occur across them 21 . Thus we expect to find a relationship between the stirring intensity as measured by the FSLE and the O 2 gradient norm (see additional discussion in Supplementary Information; in the following, the term O 2 gradient refers to the norm). The relationship between both fields is quantified in Fig. 1b where 
Finite-size Lyapunov exponent
The Finite-size Lyapunov exponent (FSLE), λ, is a measure of the rate of divergence in the positions of particle pairs while separating from an initial distance δ 0 up to a final distance δ f . It was developed to study non-asymptotic dispersion processes 15 and to quantify dispersive behavior of particles, especially in those cases where length scales are easier to identify than temporal ones. It is given by the following expression:
where τ is the time needed for the initial separation to increase from δ 0 to δ f . The FSLE is a function of the initial and final separations, and also of the initial location of the particle pair x 0 and of the time of release t 0 . Thus, the computation of λ for a given set of initial locations and in a time interval provides an insight to the locations of weaker/stronger particle dispersion and its evolution with time in the domain D. In fluid flows, regions that exhibit substantial stretching of fluid material, hence high values of λ, have filamental shapes and have been associated with barriers and avenues to transport 16 that strongly constrain the mixing of fluid with different properties, the so-called LCS [16] [17] [18] . Trajectory integration can be done from the present to the future, forward in time, or towards the past, backwards in time. The locations with high values of the backwards Lyapunov field are the structures better delimiting the distribution of transported sub-stances and providing barriers to transport 16, 18 . Thus, the FSLE backwards field is the one used in this paper.
To compute the three-dimensional FSLE field we extended a previous two-dimensional method 16 to include the third dimension, by computing the time τ it takes for particles initially separated by δ 0 = (∆x
However, in a similar application for the Benguela upwelling system 29 it was observed that the displacement in the vertical z direction does not contribute significantly to the calculation of δ f and so we define a quasi-3d computation of FSLE: we use the full three dimensional velocity field for particle advection but particles are initialized in horizontal ocean layers and the contribution ∆z f is not considered when computing δ f . Backward FSLE three-dimensional fields To obtain the FSLE field, λ(x, t), at location x and time t, one particle is released at time t from grid node at location x and the separation to the particles released from neighboring nodes is monitored. τ is the time needed for the first of these separations to reach the value δ f (that in this study was set at 100 km). Trajectories were integrated backward in time for 6 months with a Runge-Kutta 4 th order method. If at the end of this interval the separations are smaller than δ f , or if the particles leave the domain or hit the shore, then the FSLE for the release location is set to zero. Otherwise, the FSLE is computed as
A map of instantaneous backward FSLE is shown in Fig. S1 for different depths.
In the upper layer (Fig. S1 a) shown, the high FSLE lines are more common near the coast, which in this region is the main source of mesoscale variability due to instability of coastal currents and the associated upwelling regime [4, 5] .
The vertical structure of the instantaneous FSLE field is shown in Fig. S2 Such shape has already been observed (in 3d) in similar calculations for the Benguela upwelling zone [6] and can be understood theoretically [7] . Dynamical studies with particle trajectories showed that the most intense curtains can be related to Lagrangian eddy boundaries. (Fig. S4) shows the decrease in stirring with depth, with a subsurface peak at ≈ 30 m depth. This decrease of stirring with depth, as measured by the FSLE, was also found in a study of the Benguela upwelling region [6] . Its origin could be simply the overall smaller velocities found at deeper layers, and also the decrease in the nonlinearity of the mesoscale eddies (as indicated for example by its ratio between rotation and propagation velocities) that occurs with depth [5] .
Residence times
Residence times (RT) are a tool to study fluid exchange between two regions. Although the OMZ does not constitute a geographically determined region such as a basin or bay, it is still possible to define appropriate limits to the OMZ (as we have done all along this paper) so that fluid exchange between the OMZ and its exterior may be studied with RT distributions [8, 9] . They are a Lagrangian diagnosis complementary to the FSLE methods. The RT of a fluid particle is defined as the time it spends inside a certain region before crossing a particular boundary. Here These sharp boundaries between high and low RT coincide in some areas with high FSLE values. This coincidence is a feature observed with the RT distributions of passive particles in a given geographical region [9] . Since passive particles are Lagrangian tracers, we conclude that in the areas of matching RT changes and FSLE lines, the O 2 content is conserved along particle trajectories and local changes in O 2 occur mostly due to advection. The long residence times found are consistent with the low ventilation regime accompanied with biogeochemical processes which reduce oxygen concentrations to hypoxic levels.
Horizontal O 2 gradients
Here we enlarge our discussion on the relationship between FSLE and O 2 horizontal gradients. First we observe in Fig. S6 a) how the lines of high FSLE values determine instantaneous (at depth 410 m) fronts for the O 2 concentrations. These are located in the northern and southern boundaries of the OMZ as has been discussed all along the text. In Fig. S6 B) it is shown how the high-FSLE lines coincide with the largest horizontal gradients of O 2 .
In Fig. S7 a) and b) we show FSLE and O 2 gradient maps, respectively, averaged temporally (for simulation year 21) and vertically in the mid-depth range of the OMZ (between 350 and 600 m). We do not discuss the relationship between the high values of FSLE and of O 2 gradients found very close to the coast, since that region has very distinct dynamics and biogeochemistry, and it is influenced by the presence of The center of the OMZ forms a basin of low O 2 gradients and also low FSLE.
The low values of O 2 are due to low or inexistent ventilation (as quantified by large residence times) of this region coupled to the respiration of sinking organic matter.
The low FSLE distribution is due to the absence of significant mesoscale activity at this depth. Although this region is located offshore of the Peru upwelling strip, and receives anticyclonic eddies formed by instability of the coastal currents [13] , mesoscale activity as measured by eddy intensity decreases as we move offshore [5] , and it is only intense in the two strips surrounding the OMZ. 
R 2 P hys is shown in Fig. S8 at two depths (112m and 465m) corresponding to different zones of the OMZ. At 112 m, the biogeochemical fluxes, although having lower amplitude than the physical ones, can still contribute to generate local O 2 gradients which can influence advection terms. However at 465 m, the biogeochemical fluxes (within the OMZ) are almost two orders of magnitude lower than the physical flux (see Fig. S8 Fig. 7 of [14] ). Fig. S9 shows that physical fluxes dominate over most of the study region, but they are more intense near the OMZ latitudinal boundaries. This is more remarkable at 465m than at 112m, which indicates that the lower correlation between the FSLE field and mean O 2 gradient at the surface may arise from the relative larger contribution of biogeochemical fluxes to the rate (Table S1 ) at the northern and southern boundaries are negative whereas the eddy flow rates are positive. At both OMZ boundaries, mesoscale turbulence tends to transport O 2 into the OMZ at a much higher rate than the mean flow removes O 2 from the OMZ. At the southern boundary computed flow rates are higher than at the northern boundary probably due to the longer horizontal extension of the southern boundary. The vertical eddy and mean O 2 flow rates (Table S2) 
Episodic ventilation events
We characterize the eventual entrainment of water across the OMZ boundaries by displaying in Fig. 11 Hovmöller plots of the time evolution of the O 2 anomaly at the than for the southern boundary (standard deviation of 3.1 µM ). At the Northern limit the O 2 front is more stable meaning that there is an available pool of O 2 rich waters readily available to be entrained into the OMZ core by propagating mesoscale structures. At the southern limit the O 2 anomaly seems to be dependent on the actual O 2 content of travelling eddies that occasionally approach the boundary.
At the northern border the anomalies last longer than at the southern one and remain more coherent during their propagation offshore. In the South, ventilation events are more intermittent. However, during the year under analysis, the greatest episode of O 2 anomaly crossing the OMZ at this depth occurred in the southern boundary with peak O 2 anomaly of ∼ 17 µM around day 300 and between 600 and 800 km from the coast (this is the episode depicted in Figure 2 of the main text).
Cross-wavelet spectra
As an alternative methodology to quantify correlations between O 2 concentrations and the stirring measure provided by FSLE we conducted a cross-wavelet analysis between the O 2 concentration and backward FSLE times series from our simulation dataset at three particular locations in order to identify the dominant time scales of co-variability. 
